Kinetic timing: a novel mechanism that improves the accuracy of GTPase timers in endosome fusion and other biological processes.
The GTPase superfamily contains a large number of proteins that function as molecular switches by binding and hydrolyzing GTP molecules. They are localized at various intracellular organelles and control diverse cellular processes. For many GTPases, the lifetime of the activated, GTP-bound state is believed to serve as a timer in determining the activation time of a biological event such as membrane fusion and signal transduction. However, such a timer is intrinsically stochastic due to thermal noise at the level of single GTPase molecules. Here, we describe a mathematical model that shows how a directional GTPase cycle, in a nonequilibrium steady-state driven by GTP hydrolysis, can significantly reduce the variance in the lifetime of an activated GTPase molecule and thereby increase the accuracy and efficiency of the timer. This mechanism, termed kinetic timing, articulates a clear function for the energy consumption in GTPase-controlled biological processes. It provides a rationale for why biological timers utilize a GTP hydrolysis cycle rather than a simple GTP binding-dissociation equilibrium, and why the GTP-bound state is a better timer than the GDP-bound state. It also explains the necessity for the existence of multiple GTP-bound intermediates identified by fluorescence spectroscopy and nuclear magnetic resonance studies.